We previously reported (A Reinero, RN Beachy 1986 Plant Mol Biol 6:291-301) that coat protein (CP) of tobacco mosaic virus (TMV) accumulates in chloroplasts of systemically infected leaves. To determine the significance of such interaction we examined electron transport rates in chloroplasts containing different levels of TMV-CP. Tobacco (Nicotiana tabacum L.) plants were infected with either a TMV strain inducing chlorosis or with a strain inducing mild symptoms, and both the accumulation pattem of TMV-CP inside chloroplasts as well as the rates of photosynthetic electron transport were followed. The CP of the TMV strain inducing chlorosis was detected inside chloroplasts 3 days after infection, and thereafter accumulated at a rapid rate, first in the stroma and then in the thylakoid membranes. On the other hand, the CP of the TMV strain that caused only mild symptoms accumulated in chloroplasts to lower levels and little CP was associated with the thylakoids. In vivo and in vitro measurements of electron transport revealed that photosystem 11 activity was inhibited in plants infected with the aggressive TMV strain while no reduction was observed in plants infected with the mild strain. The capacity of chloroplasts to synthesize proteins was equivalent in organelles isolated from healthy and virusinfected leaves. The possibility that a large accumulation of TMV-CP inside chloroplasts may affect photosynthesis in virus-infected plants by inhibiting photosystem 11 activity is discussed. tobacco plants to systemic infection by TMV3 can range from absence of disease symptoms to severe leaf distortion and chlorosis, depending on the TMV strain. Several studies have shown that, in general, cellular responses to virus infection are independent of the amount of virus produced in a cell (15, 29) . Thus, the involvement ofspecific viral gene products with disease development has been proposed, although no conclusive evidence has been presented of such a role for any of the viral products (see Ref. 26 for a recent review).
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Many studies have attempted to link effects on chloroplasts with symptom development in virus-infected plants (reviewed in Ref. 3) , and although virus-like particles have been described in chloroplasts (22, 23) , no correlation with disease has yet been established. In a previous report (18) , we showed that TMV-CP molecules produced during infections by different TMV strains could be detected inside chloroplasts isolated from infected tobacco plants. In that study, the levels of TMV-CP inside the organelle seemed to be correlated with the severity of the chlorotic symptoms; lower amounts of TMV-CP were detected in organelles of plants not showing disease symptoms. However, at the time of the first report it had not been determined whether TMV-CP accumulation began before disease symptoms were observed, or whether chloroplast function was affected.
We report here the inhibition ofPSII activity in chloroplasts accumulating large levels of TMV-CP, in both stroma and thylakoid membranes, in early stages of infection.
MATERIALS AND METHODS

Materials
Plant disease resulting from virus infection is thought to be caused by metabolic changes in particular sets of plant cells during the establishment and replication of the virus (3, 9, 29 Laemmli (7) . Immunoblotting experiments were carried out as described (18) . Fluorography of gels was performed according to Jen and Thach (6) .
In Vivo Chlorophyll Fluorescence Induction Kinetics
The procedure for fluorescence induction and decay measurements were essentially as described by Miles (10) . Leaf segments from TMV-infected plants were held in a hinged mask to expose a 4 x 10 mm area of the upper leaf surface. After 1 to 2 min of dark adaptation, leaf segments were exposed to an actinic light (-300 W m-2) filtered through a blue filter (440 nm). The kinetics of fluorescence induction was measured at an angle of 450 relative to the leaf surface through a red-sensitive photomultiplier and recorded on a chart recorder. Three to five different, randomly selected sections of a systemically infected leaf were assayed for each time point. Analyses of fluorescence curves were done according to Miles (10), Miranda et al. ( 11), and Papageorgiou (16).
Electron Transport Measurements
Photosynthetic electron transport was estimated polarographically, using a membrane-covered Clark-type oxygen electrode, as 02 uptake resulting from the aerobic reoxidation of MV or DBMIB. Reactions were run in a thermostatically controlled vessel at 25°C, illuminated by red actinic light at 280 W m-2. The assay medium contained 100 mm sucrose, 40 mM Tricine-NaOH (pH 8.3), 3 mM MgCl2, 1 mm ADP, 5 mM Na2HPO4, and envelope-free chloroplasts equivalent to 50 Mg Chl/mL. Whole chain electron transport was measured in the presence of 0.1 mM MV as electron acceptor. PSII activity was determined in the presence of 15 Mm DBMIB as electron acceptor; electron transport reactions with DBMIB as electron acceptor, although slow, reflect pure PSII activity because electron transfer between PSII and PSI is completely blocked by the DBMIB itself (4) . Electron donation to the oxidizing side of PSII was measured in the presence of 0.5 mM DPC as electron donor and 0.1 mM MV as electron acceptor. Water oxidation was blocked by treating the thylakoid membranes with 0.8 M Tris-HCl (pH 8.0) for 15 min (2) . Electron flow between PQ and the PSI electron acceptor X was assayed using 0.5 mm DHQ as electron donor, in the presence of 5 MM DCMU, 200 units of superoxide dismutase and 0.1 mM MV. All electron transport reactions were run consecutively and repeated three times for each experiment using thylakoids obtained from a single chloroplast isolation procedure. A total of five experiments were carried out to obtain average rates of electron flow.
RESULTS
Time-Course of TMV-CP Accumulation in Chloroplasts
In a previous report (18) we showed that TMV-CP could be detected inside protease-treated intact chloroplasts isolated from TMV-infected tobacco plants. To further characterize the interaction between TMV-CP and chloroplasts, we examined the pattern of accumulation of TMV-CP from two TMV strains in chloroplasts of systemically infected tobacco leaves at different d.a.i. The two TMV strains, PV230 and the 'masked' strain PV42, replicate to similar levels in infected leaves (18, 19) . However, PV230 induces chlorosis while PV42 causes no clearly visible disease symptoms, thereby making it possible to differentiate general cellular changes related to the infection process from changes specifically related to the expression of disease symptoms. The first two leaves systemically infected with TMV-PV230 show mild vein clearing by 4 to 5 d.a.i and clear chlorotic symptoms at 7 d.a.i.
Chloroplasts were isolated at 3, 5, 7, and 12 d.a.i. from the first two systemically infected leaves as well as from comparable leaves of mock-inoculated plants. Chloroplast suspensions containing 80 to 90% intact chloroplasts (as determined by the ferricyanide reduction method and by phase contrast microscopy [8] ) were treated with thermolysin as described ( 18) to remove proteins adsorbed to the chloroplast envelope. Chloroplast proteins were then extracted and examined for the presence of TMV-CP by immunoblotting techniques using antibodies raised against purified CP from TMV-U, as described earlier (18) . The coat proteins of both TMV-PV230 and of TMV-PV42 immunoreacted with equal efficiency to the antibodies (not shown). Figure 1 shows that the CP of TMV-PV230 and TMV-PV42 can be detected in chloroplast extracts by 3 d.a.i. In both cases, the CP accumulated in chloroplasts as the infection progressed, although the CP ofTMV-PV230 did so at a greater rate than that ofPV42. From 3 to 12 d.a.i., 2-to 10-fold more CP was detected in chloroplasts isolated from TMV-PV230-infected leaves (Fig. 1B) than in chloroplasts isolated from leaves infected with TMV-PV42 (Fig. 1A) . Experiments in which purified, intact or SDS-disrupted, TMV-PV230 was added to homogenates of uninfected leaves (at 1 mg TMV/g fresh weight leaf tissue) showed no TMV-CP associated with the intact chloroplast fraction (not shown).
Separation of lysed chloroplasts into stroma and thylakoid fractions and subsequent protein analyses revealed that most of the TMV-CP of strain PV42 detected inside chloroplasts was present in the stroma with little CP associated with the thylakoid membranes (Fig. 2, A and B) . The CP from TMV-PV230, on the other hand, accumulated to high levels in both stroma and thylakoids with significant increases in the stroma between 3 and 5 d.a.i. (Fig. 2A) and in the thylakoids between 5 and 7 d.a.i. (Fig. 2B) (Fig. 3, A-C) did not present significant differences in either F,, (initial level of Chl fluorescence after dark adaptation; shown in Figure 3 by horizontal arrows) or in variable fluorescence (FV). FV is defined as F, -F,, (16)-where F, is the maximal fluorescence achieved at P (Fig. 3A) when the primary acceptor of PSII, a quinone called Q, is largely reduced. Similar results were observed with leaves extracted from equivalent numbers of chloroplasts (on a Chl basis) and treated as described in Figure 1 . X-ray films on which bands were not overexposed were scanned with a Joyce-Loebl Chromscan 3 densitometer. (16 Table 2 ). The reduction occurred prior to the site of electron donation by DHQ (see H20 --DBMIB and DHQ MV; Table 2 ) thus implicating PSII as the site where perturbation of electron transport ocurred. PSII activity was partially restored by an artificial donor (DPC) suggesting that the damage might be, in part, affecting the oxidizing side of PSII, the 02-evolving system. Since the decline in whole chain *I** Significantly different from control, using original data, at P = 0.001 and P = 0.01, respectively, according to the paired t test.
electron transport (24% of control, H20 -. MV; Table 2 ) closely paralleled the decline in PSII activity (27%, H20 DBMIB; Table 2 ) the inhibition of the latter is probably responsible for the overall decrease.
In Organello Protein Synthesis
Numerous studies have suggested that the synthesis of plastid-encoded polypeptides is greatly depressed in virus infected leaves (5, 12, 27) . Since five ofthe eight polypeptides forming PSII are chloroplast-encoded (13), a reduction in chloroplast protein synthesis could explain a decline in electron flow through PSII (24) . Thus, an analysis of the capacity of chloroplasts to synthesize proteins was carried out in plastids isolated from leaves infected with TMV-PV230. The analysis was done 4 d.a.i., the time at which we first detected a decline in electron transport. Our studies detected neither a reduction of total amino acid incorporation in these chloro- plasts nor an alteration on the pattern of protein synthesis (Fig. 4) . Protein synthesis carried out in absence of light or in the presence of inhibitors of protein synthesis such as cycloheximide (10 mg/mL) or chloramphenicol (100 mg/mL) confirmed that the labeled proteins were synthesized in the chloroplasts and not in the cytoplasm (not shown). DISCUSSION Disease in virus-infected plants is considered to be initiated by interactions between a product of virus replication and one or more cellular components (29) . To date, however, no consensus has been reached regarding the identification ofthe viral product(s) responsible for disease symptoms and the initial biochemical or molecular processes that are affected by the infection (9, 26, 29) . In most cases, the lack ofa consensus can be attributed to differences in the time following inoculation when analyses were done, and in the basis used for comparison (3 strains replicate to produce equivalent levels of virus after infection (18, 19) . Furthermore, the CP molecules of these strains are antigenically related to each other and have identical mol wt and isoelectrical points (18) . However, as previously described, the CP of TMV-PV230 and of TMV-PV42 accumulate to different levels in chloroplasts isolated from systemically infected leaves (18) .
In an attempt to establish a relationship between the accumulation of CP in chloroplasts with alterations in photosynthesis, which could explain the appearance of chlorosis in TMV-PV230 infections but no in the TMV-PV42 infections, we followed the accumulation of CP of both virus strains inside chloroplasts of systemically infected tobacco leaves. The results shown in Figures 1 and 2 revealed that while CP of both strains are present inside chloroplasts 3 d.a.i., the levels of CP of TMV-PV230 were two-fold the levels of CP of the masked strain. Thereafter, the difference increased to about 10 times as the CP of TMV-PV230 accumulated at a rapid rate in both the stroma and in the thylakoid membranes whereas the CP of TMV-PV42 accumulated to relatively low levels, especially in the thylakoids.
The analysis of photosynthetic rates in infected leaves revealed that electron flow through PSII was greatly reduced in chloroplasts containing large levels of TMV-CP, i.e. those isolated from TMV-PV230 infections. The analysis of in vivo Chl fluorescence showed increasing levels ofF,, and decreasing values of F1, compared to controls, in plants infected with TMV-PV230 but not in plants infected with TMV-PV42 ( Fig.  3 ; Table 1 ). These alterations suggest that a biochemical lesion develops on the reducing side of PSII (16) in chloroplasts of TMV-PV230-infected leaves as the infection progresses. The results of in vitro electron transport measurements support the above interpretation (Table II ) and suggest that the oxidizing side of PSII might also be affected (DPC --MV; Table   2 ). If so, this would indicate that the in vivo fluorescence curves represent the kinetics and intensity of Chl fluorescence emitted from two pools of PSII complexes: one comprising PSII that have only the reducing side altered and another in which both sides of PSII are affected. This difference among PSII complexes is possible given the asynchronous nature of virus infections in leaves (3). Studies using infected protoplasts where synchronous infections can be obtained (21) could be carried out to clarify this issue. As expected on the basis of the fluorescence studies, thylakoid membranes from TMV-PV42-infected leaves showed normal rates of electron flow through the entire electron transport chain (Table II) .
Zaitlin and Jagendorf(28) reported alterations in photosynthetic electron flow in TMV-infected tobacco plants which, it was suggested, were caused by low levels of intracellular nitrogen as a consequence ofvirus multiplication. Our results, using expanding, systemically infected leaves from plants maintained under high nitrogen conditions (see "Materials and Methods") and using two virus strains that replicate to similar levels (18, 19) , indicate that the inhibition in electron transport through PSII must be caused by a factor other than low levels of intracellular nitrogen.
PSII is a highly organized chlorophyll:protein complex spanning the thylakoid membranes and is made up of at least five integral plastid-encoded polypeptides plus three extrinsic nuclear-encoded polypeptides (13 (18, 19) . In this study, the in vitro electron transport studies (Table II) 
